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Abstract 
On the basis of Sandia s third-stage launcher, a new scheme of hypervelocity launchers is brought forward for purpose of propelling a 
one-gram-weight projectile in the shape of sphere or cylinder upwards of 10km/s. It includes an assembly of a sabot, a projectile and a 
steel impactor, and a hypervelocity launcher (HVL) that is attached to the muzzle end of two-stage light gas gun (LGG). With a specially 
designed sabot for LGG, the projectile together with the ring-shaped impactor being fixed on the sabot is first driven by LGG to a speed 
of 6-7 km/s. The projectile will gain the secondary acceleration in the HVL synchronously controlled by the high-speed impactor.  
Three kinds of designs are put forth for a HVL with propelling media of explosive, epoxy resin, or hydrogen respectively. To accomplish 
the sabot/projectile separation and secondary driven of the projectile, enormous computations have been performed to attain an optimized 
configuration of the sabot and the HVL. For the launcher using explosive, the projectile is driven by gas productions resulted from strong 
detonation. It is illustrated by simulations that a 1.03 g spherical projectile of 2024 alloy can be accelerated from an injection velocity of 6 
km/s (LGG launching speed) to 9.6 km/s without extremely large deformation and spall damage. To launch a cylindrical projectile with 
constrained deformation, an improved design for HVL is achieved with adoption of a secondary impactor and an epoxy resin ring in place 
of explosive. It is capable of propelling a cylindrical projectile from 6 km/s towards 8 km/s by converging gas production of 
decomposition of epoxy. In the third design for a HVL, a pressure container with hydrogen is embedded in the tube of a HVL in an 
attempt to drive a projectile with hydrogen. Preliminary simulations reveal that a projectile (chunk plate) is possible to be accelerated 
towards 10.6 km/s at initial hydrogen pressure of 7 MPa, and towards 12 km/s at an increased pressure of 20 MPa. Enormous efforts are 
still required, however, to put this scheme into practice. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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1. Introduction 
Two-stage light gas gun (LGG) is a well-developed experimental facility to launch a high speed projectile with various 
shape for target ballistic tests. It is capable of accelerating isentropically a 2-3 g projectile up toward 7 km/s without 
considerable erosion of the gun barrel, and accomplishing clean ballistic test with the aid of sabot/projectile separation 
technology. For a whipple structure adopted in space orbiters, the average impact velocity of an orbital debris in low-earth 
orbit is about 9 km/s, beyond the launching capability of LGG. As analyzed in [1], two-stage LGG can simulate 
experimentally only 40% of the low-earth orbital debris threat. 
There exist many approaches to launch a flyer or a projectile above 10 ility [2], a 
macro aluminum fly plate of 12 mm 0.5 mm was reported to be driven magnetically toward 34 km/s. Osher et al. [3] used 
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the 100 kV electric gun in Lawrence Livermore National Lab. to accelerate electro-magnetically a 0.3-mm-thickness 
aluminum flyer plate to velocities as high as 18 km/s. In view of the short duration of electric discharging, both facilities can 
only launch a very thin flyer plate with diameter to thickness ratio of 20:1 or larger. The inhibited shaped charge launcher 
(ISCL), however, has the capability of launching a 0.5 g to 2 g aluminum projectile over 10 km/s with overall length to 
outside diameter ratio (L/d) of 2-3. The jet (projectile) being formed is typically in the shape of a hollow cylinder, unfit for 
accurate experimental analyses of hypervelocity collision. Strictly speaking, it is not a final scheme for hypervelocity 
ballistic tests, though most ballistic limiting curves of NASA s whipple structures were obtained using ISCL [4]. 
As an alternative scheme, the three-stage LGG developed by Chhabildas et al. [5-6] at Sandia National Lab. can drive a 
0.2 g-1.0 g flyer disk (L/d = 0.1-0.2) using a graded-density impactor to 10-15 km/s. Unfortunately, a mass of fragments of 
the impactor is unavoidably generated in the third-stage launcher directly following the flyer disk (projectile). It will 
influence definitely the damage pattern of a whipple structure in a ballistic test. However, it still provides a feasible way to 
explore the characteristics of flyer/target hypervelocity impact with the aid of in-situ diagnostic technologies such as flash 
X-ray photograph and Doppler laser velocity interferometer.  
To date, two-stage LGG is still a promising platform for developing an enhanced HVL for hypervelocity ballistic tests. In 
goal of launching a projectile with known shape, mass and state to velocities above 10 km/s, NASA funded research work 
on three-stage LGG at the Univ. of Dayton Research Inst [7]. Different from the shock accelerator at Sandia as discussed 
above, a third stage consisting of a driven piston, a gas charge, and a projectile is attached to the muzzle of the second-stage 
tube of LGG. The projectile is then propelled by condensed hydrogen. The highest velocity obtained is 8.65km/s for an 
aluminum projectile 3mm in diameter. There still exists large gap towards the destination of launching a 1-g projectile 
above 10 km/s. In this work, a new scheme of HVL is put forth on the basis of Sandia s three-stage LGG. 
2. Background 
2.1 Sandia s HVL using graded density impactor 
We start with the three-stage LGG originated from Chhabildas et al. at Sandia National Lab. It uses a third-stage addition 
to the muzzle of a two-stage LGG, as shown in Fig.1(a), and accelerates the flyer plate by a graded-density impactor in the 
third-stage launcher, i.e., the HVL. In Fig.1(b), the impactor that faces the flyer plate has gradually increasing sound 
impendance, and therefore loads the flyer plate with gradual growing shock intensity. The thin flyer plate is then driven 
quasi-isentropically in a sacrificial HVL [8], the confinement of which minimizes the two dimensional effect during 
acceleration. For an impactor being launched by LGG with an injection speed of 6-7 km/s, a 1 g aluminum flyer plate can be 
propelled to 10 km/s, Ti6Al4V plate greater than 1 g to 12 km/s [9].  
(a)            (b)  
Fig. 1. Schematics of Sandia s hypervelocity launcher (HVL): (a) a third-stage addition to the two-stage LGG and (b)gradual increasing of sound 
impedance in a graded density impactor. 
An enhanced HVL has also been developed by Chhabildas et al. [6] with an adoption of impact-generated acceleration 
reservoir (IGAR). It introduces a pinch of the inner tube in the HVL along with a lexan second-stage sabot facing the graded 
density impactor for purpose of increasing the velocity amplification ratio of the flyer velocity to the impactor injection 
velocity. A 3-mm-diameter and 1-mm-thickness Ti6Al4V flyer plate was launched to 19 km/s. The enhanced HVL has also 
be applied to launch small particles to hypervelocities unreachable with a standard tow-stage LGG. Multiple small spheres 
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propelled in the IGAR once they are loaded by the high speed graded density impactor. With the aid of X-ray radiographs, 
multiple titanium spheres with diameter of about 400 m were launched to 10 km/s [9-10]. 
2.2 Design principle of new HVLs with a tactic of two stages acceleration 
Different from Sandia s HVL which propels a projectile, i.e., a thin plate, from static to above 10 km/s, a new scheme is 
put forth using the tactic of two stages acceleration. As shown in Fig.2, the HVL is attached with a connector to the muzzle 
end of a two-stage LGG. A ring-shaped steel impactor and a spherical projectile are fixed separately on a specially designed 
sabot. The projectile has the same diameter as that of inner accelerating barrel of the HVL. Since explosive is a primary 
selection to generate an acceleration reservoir, we consider first a high explosive (HE) ring to be embedded in the HVL 
facing the impactor.  
 
 
Fig. 2. Design principle of a hypervelocity launcher (HVL). 
The assembly of the sabot, the projectile, and the impactor is driven first by a LGG smoothly toward to a high speed of 6-
7 km/s. Once the projectile together with the impactor enters into the HVL with an injection speed, the impactor will trigger 
strong detonation of the HE ring and meanwhile transfer its kinetic energy to productions of HE. The projectile then gains 
secondary acceleration by the productions of HE with high pressures as well as the decomposed polycarbonate of the sabot 
material.  
Similar to Sandia s HVL, the impactor herein serves as a synchronous controller for initiating the acceleration process 
and also an energy resource for projectile propelling. Besides HE, hydrogen, epoxy polymers etc. can also be chosen as 
working media to propel the projectile in a HVL. The design configuration with various working media will be presented 
separately in following sections. Considering the basic principle of operation, difficulties arise from the two-dimensional 
effect in nature. Enormous simulations are therefore required to attain an optimized configuration. 
3. Design configuration of a HVL with explosive 
Referring to the design configuration in Fig.2, when the steel impactor impacts the HE ring, it results in strong detonation 
accompanied by a convergent shock wave inside the sabot. An axial jet is then formed behind the projectile due to the 
inward convergent wave. It propels the projectile with extremely high pressure followed by a rapid pressure reduction 
leading to large deformation and spallation of the projectile. Since two stages acceleration is applied for a projectile in this 
scheme, the complication resulted from nonplanar detonation is unavoidable. To ensure the integrity of a projectile during 
its secondary acceleration, special design is required for a HVL with use of explosive. 
3.1. Optimized configuration 
A successful configuration should have the capability to reduce the jet pressure and meanwhile elongate the duration of 
high pressure state of gas productions. Numerous simulations have been performed to attain an enhanced configuration of a 
HVL as so to protect a spherical projectile from damages. The software AUTODYN-2D is used herein to simulate the 
propelling process. We adopt Lagrange solver for the projectile and the steel barrel of the HVL, and Euler solver for the 
sabot of polycarbonate, the HE ring, and the steel impactor. To ensure simulation accuracy, the size of an Euler mesh is 0.25 
mm. Mie-Gruneisen equation of state (EOS) and Steinberg Guinan constitutive relations are adopted for a 2024 aluminum 
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alloy projectile. Puff EOS and Steinberg Guinan constitutive relations are adopted for a titanium alloy projectile. For a HE 
ring, PBX9404 is chosen from AUTODYN material library with Lee-Tarver shock detonation model having detonation 
pressure of 37 GPa and detonation speed of 8.8 km/s. Material properties of epoxy, steel and polycarbonate (sabot material) 
are also given from AUTODYN material library. 
Fig.3 shows an improved design for the HVL with explosive. The sabot for a two-stage LGG has a diameter of 25 mm 
and a height of 22 mm. from its bottom plane to a protruded head. The projectile has a diameter of 9 mm being fixed on the 
sabot and then encapsulated using an epoxy cover (easy to be machined) to diminish release waves from its spherical 
surface during acceleration. The steel impactor has an inner diameter of 14 mm and an outside diameter of 22 mm. A 
beveled impact face is adopted to weaken the convergent shock wave inside a sabot once strong detonation is formed. The 
13-mm-thickness HE ring has the inner diameter of 13 mm with a small step inside. It is enclosed in a polycarbonate ring 
for easy fixture in a HVL. The HVL barrel is 57 mm in length with an entrance diameter of 10 mm and outlet of 9 mm, 
same as that of the projectile. 
 
Fig. 3. Improved design for a HVL with high explosive. 
We consider a 2024 aluminum alloy projectile in what follows. Once the HE ring is strong detonated, the convergent 
shock wave and subsequently formed jet will decompose sabot material behind the projectile into gas production with 
extreme high pressure. In comparison with a planar face of the impactor, the adoption of a beveled impact face leads to 
rapid reduction of pressures inside a projectile as shown in Fig.4(b). Though few different is found at the back-end of the 
projectile which sustains the highest jet pressure, the peak pressure at a distance 2 mm from the back end reduces to 90 GPa, 
about 60% of that of Fig.4(a) with planar impact face. 
(a)                       (b)  
Fig. 4. Variation of pressure with time for evenly spaced gauges in a projectile (curve 1 represents the back-end of the projectile, and curve 2 represents the 
point with a  distance of 1 mm from the back-end and so on): (a) with planar impact face and (b) with beveled impact face of the impactor. 
When a projectile is driven by a high pressure jet, the space left behind leads to rapid reduction of the gas pressure. A 
step-like addition to the inner surface of the HE ring, however, conduces to maintain gas pressure and to some extent to 
rectify the pressure distribution behind the projectile. As shown in Fig.5(b), the maximum of minus pressure is below 1.0 
GPa less than the spall strength of aluminum alloy. Detailed analyses show that the maximum of minus pressure in the 
entire period of propelling is about 2.5 GPa. It results from the release waves being formed on projectile/epoxy spherical 
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interface. The minus pressure will get increased when the release waves meet inside the projectile. Since such a high minus 
pressure is kept at a spot within a duration shorter than 0.1 μs, macro spallation can be well constrained. The encapsulation 
with an epoxy cap is a key to weaken effectively the intensity of release waves for a spherical projectile. 
(a)              (b)  
Fig. 5. Pressure contour at various accelerating moments inside the HVL with an improved design: (a) 2.22  and (b) 2.32 . 
When strong detonation takes place, the impactor ring is compressed inwards under an extremely high pressure, and the 
inward motion will be accelerated once the production of HE is pushed outside as shown in Fig.6(a). In such a case, part of 
steel fragments will follow the projectile into the HVL barrel. These fragments are impossible to be cleared off and 
therefore will affect subsequent ballistic tests. A small correction has been made in current optimized configuration as 
locally enlarged in Fig.6(b). With an enlarged inner radius of the impactor ring, the simulation shows that the steel impactor 
is pushed outwards by HE production avoiding entering into the HVL barrel. 
(a)         (b)  
Fig. 6. Optimized design for inhibiting fragments of a steel impactor from entering into the accelerating barrel: (a) original design and (b) optimized 
design. 
 (a)                                   (b)  
Fig. 7. The final shape of a 2024 alloy projectile with and without a cone-shaped accelerating barrel: (a) without cone-shaped accelerating barrel and (b) 
with cone-shaped accelerating barrel. 
To further constrain plastic deformation inside a projectile during acceleration, a cone-shaped HVL barrel is adopted in 
Fig.3. Figs.7 compare the final shape of a 2024 alloy projectile with and without a cone angle for the accelerating barrel. It 
is seen that longitudinal compression of the projectile is meliorated with an increase of length to width ratio from 0.79 to 0.9 
when using cone-shaped accelerating barrel. It also has the great advantage of cutting down the peak of minus pressures. 
The lowest pressure insider the projectile is picked out at a moment and then plotted with time in Fig.8(a). Once a cone 
103 Zhao Shi-Cao et al. /  Procedia Engineering  58 ( 2013 )  98 – 109 
angle is used, the peaks of minus pressures (at varying position inside the projectile) are within -1.0 GPa in the period of 
acceleration. It ensures the integrity of a projectile. For both cases, the accelerating process is smooth with a little 
enhancement for cone-shaped design as shown in Fig.8(b). 
(a)                (b)  
Fig. 8. Accelerating performance of a HVL with and without a cone-shaped accelerating barrel: (a) the lowest pressure insider a projectile and (b) the 
accelerating process. 
3.2. Reliability analyses 
Since we utilize explosive detonation to accomplish the complicated accelerating process, different explosive models are 
applied in simulations to validate the feasibility of current design scheme. Fig.9(b) displays the computed accelerating 
history for PBX9404 and HMX with JWL EOS for both. It gives from AUTODYN material library the detonation pressure 
of 37 GPa and detonation speed of 8.8 km/s for PBX9404, and the detonation pressure of 42 GPa and detonation speed of 
9.11 km/s for HMX. The shock initiation and detonation growth model (Lee-Tarver) is used for PBX9404, and the simple 
detonation model is used for HMX. Though different explosive models are used, less difference can be found from the 
computed projectile accelerating history. The variation of the lowest pressure inside a projectile is also shown in Fig.9(a). 
The minus pressures for both explosives are on the same level. For HMX the maximum of minus pressure is about -2 GPa. 
Note that in Fig.9(a) the spot that undergoes the maximum of minus pressure transfers with time. In view of the short 
duration of minus pressure, it is easy for a projectile to keep its integrity during acceleration. It is also found from above 
simulations that the detonation growth model used for PBX9404 has less influence on projectile acceleration. 
(a)                   (b)  
Fig.9. Comparison of different HE model: (a) the lowest pressure insider a projectile and (b) the accelerating process. 
The influence of the sabot material is also studied numerically. Fig.10(b) shows accelerating history of a projectile with 
use of polycarbonate (PC) and epoxy resin, respectively. For the latter, EOS of SESAME is used. Both PC and epoxy 
behind the projectile are decomposed under high pressure, and the EOS is supposed to take effect in such case. However, 
less difference is seen from projectile velocity history. Fig.10(a) gives the variation of the lowest pressure inside a 
projectile. It appears that the selection of sabot material would not influence the integrity of a propelled projectile. 
For a projectile being driven in a HVL by high pressure, EOS of gas production is a dominant factor in acceleration, and 
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uncertainties from turbulence, unstable damage, etc. are restricted in such a short duration of several microseconds. 
Moreover, as is illustrated by above simulations, projectile accelerations are all accomplished regardless of the selection of 
HE models and sabot material models. Hence, it is reasonable to infer that current design of a HVL renders a feasible 
scheme for projectile hypervelocity launching. 
(a)                       (b)  
Fig. 10. Comparison of different sabot material: (a) the lowest pressure insider a projectile and (b) the accelerating process. 
3.3 Launching capabilities covering speeds from 8km/s to 10km/ 
It is known that a two-stage LGG has the capability of launching a projectile over 1 g to 7 km/s. A systematic scheme for 
launching a projectile covering speeds of 8 km/s to 10 km/s is meaningful and attractive for ballistic tests. Using the 
optimized configuration as shown in Fig.3, Fig.11(a) displays the accelerating process of a 1.03-g 2024 alloy projectile with 
an injection speed of 6 km/s. The spherical projectile has been compressed into a shape of cylinder but still keeps the length 
to diameter ratio. Aside from back end of a sphere where local temperature is as high as 1000K due to jet impact, the 
temperature rise in most region of the projectile is below 350 K as shown in Fig. 11(b). It is seen that the accelerating 
history is smooth with final speed of 9.5 km/s. The velocity amplification ratio is 1.6 in this case. If the projectile has an 
injection speed of 7 km/s which is within the capability of a two-stage LGG, it can be propelled further to a higher velocity, 
i.e., a few greater than 10.5 km/s by current HVL. With reference to the conglomerate of epoxy resin ahead of the projectile, 
part of them has decomposed due to shock wave. It is possible to be cleared off when traveling a long distance in a low-
pressure target chamber.   
(a)                     (b)  
Fig. 11. Simulation results for an aluminum alloy projectile with an injection velocity of 6 km/s The contour line of launched projectile is marked by bold 
black line in (a)): (a) velocity-time history of the projectile and (b) contour of temperature in the projectile with initial temperature of 300 K. 
Figs.12 show the simulation results for a 1.7 g titanium projectile with an injection speed of 6 km/s. Relative to 2024 
alloy, titanium alloy has higher yielding strength. As a result, the projectile keeps well a sphere-like shape. The temperature 
rise, however, is a few higher than that of 2024 alloy projectile. In Fig.12(b) the temperature rise after acceleration is below 
800 K for most volume of the projectile. As shown in Fig.12(a), the titanium projectile is finally driven to 8.6 km/s with the 
velocity amplification ratio of 1.43. 
105 Zhao Shi-Cao et al. /  Procedia Engineering  58 ( 2013 )  98 – 109 
(a)              (b)  
Fig. 12. Simulation results for a titanium alloy projectile with an initial velocity of 6 km/s The contour line of launched projectile is marked by bold black 
line in (a)): (a) velocity-time history of the projectile and (b) contour of temperature in the projectile with initial temperature of 300 K. 
4. Design configuration of a HVL with epoxy 
To gain a launching speed of about 8 km/s, a new design configuration for a HVL using epoxy is put forth for purpose of 
keeping the spherical shape of a projectile during acceleration. As shown in Fig.13, an epoxy resin ring is used in place of 
HE. It has the dimensions of 13 mm in thickness, 14 mm in inner diameter, and 22 mm in outsider diameter. Same as the 
configuration with explosive, the sabot of polycarbonate has a diameter of 25 mm and a height of 22 mm. from its bottom 
plane to a protruded head, and the projectile 9 mm in diameter is also encapsulated using an epoxy cover. Even though an 
epoxy resin ring is used, strong shock wave will also be formed once it is impacted by the high speed impactor. A secondary 
impactor is introduced in this configuration as so to avoid strong detonation induced deformation and damage of the 
projectile. In Fig.13, the impactor ring being fixed on the sabot for LGG has a thickness of 2 mm, an inner diameter of 16 
mm, and an outsider diameter of 22 mm. A 2-mm-thickness secondary impactor of steel following a buffer of epoxy is 
embedded in the HVL at a distance 4 mm up range the epoxy ring. Once the projectile together with the impactor ring enters 
into the HVL with an injection speed, the secondary impactor is driven synchronically by the steel impactor towards a speed 
smaller than that of the projectile. The difference in speeds between the projectile and the secondary impactor postpones the 
formation of a jet as a result of secondary impactor/epoxy impact, and therefore mitigates the peak pressure of gas 
productions behind the projectile. In the computation model with use of AUTODYN-2D, the EOS of SESAME of epoxy 
resin is applied for the buffer and the epoxy. Again, we adopt Lagrange solver for the projectile and the steel barrel of the 
HVL, and Euler solver for the sabot of polycarbonate, the epoxy ring, buffer, the secondary steel impactor and the steel 
impactor. Mie-Gruneisen EOS and Steinberg Guinan constitutive relations are adopted for steel. 
 
Fig. 13. Design configuration of a HVL with epoxy. 
It is seen that the propelling principle in this case is a few different from that using HE. As shown in Fig.14(a), once the 
epoxy ring is impacted by the secondary impactor, the aluminum alloy projectile has traveled a longer distance reaching the 
entrance of the accelerating barrel. The projectile is driven by the jet of gas production resulted from impactor/epoxy 
impact. The maximum pressure inside the projectile is 16 GPa at the moment of t = 1.6 , much less than that of previous 
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computations with HE. At the moment of t = 4.3 , it shows that the pressure in most part of the projectile stays nearly 
uniform in the range of 4-7 GPa. The pressure histories of preset points is exhibited in Fig.15(a) with a maximum of minus 
pressure of -3.2 GPa during the entire acceleration. Though such a short duration of tensile stress may not result in spall 
fracture, efforts are still required to reduce further the peak minus pressure. It is seen from Fig.16 that the projectile is 
propelled smoothly from an injection speed of 6 km/s to 7.8 km/s keeping its spherical shape with a little deformation. 
(a)                (b)  
Fig. 14. Pressure contour for a HVL with the epoxy ring: (a) 1.60 4.30    
(a)      (b)  
Fig. 15. The pressure history of preset points in the projectile with the new design: (a) locations of preset points and (b) pressure history. 
 
Fig. 16. The accelerating process of the projectile. 
This configuration with use of a secondary impactor and an epoxy ring can be applied directly to launch a cylindrical 
projectile as shown in Fig.17(a). The aluminum alloy projectile has the dimensions of 9 mm in diameter and 6 mm in 
thickness. The pressure histories of preset points in a sequence similar to Fig.15(a) are given in Fig.17(b). The maximum of 
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minus pressure is as high as -6.8 GPa beyond the spall strength of 2024 alloy. Considering the fact that the jet resulted from 
secondary impactor/epoxy impact should has a smaller speed than that of simulations in view of the influence of viscosity 
and turbulence, the peak pressure propagating through the projectile is therefore overestimated by simulations. It leads to an 
overrated value of minus pressure correspondingly. Constraint of spall damage is still possible by delicate design of an 
epoxy ring and encapsulation of the projectile with polymers. It remains for future work. Figs.18 show the projectile 
accelerating history and final shape of the projectile. The cylindrical projectile 1 g in weight is propelled from 6 km/s 
towards 8 km/s. If the projectile gains an injection speed of 7 km/s from LGG acceleration, the final speed can be as high as 
9 km/s correspondingly.  
(a)     (b)  
Fig. 17. Using the HVL with epoxy to launch cylindrical projectile: (a) schematic and (b) the pressure history at preset points. 
(a)                            (b)  
Fig.18. Computational results for launching a cylindrical projectile: (a) final shape of the projectile, and (b) accelerating process. 
5. Design configuration of a HVL with hydrogen 
To relieve the shock intensity and accompanied serious deformation inside a projectile, a secondary impactor is 
introduced in Fig.13 to allow the projectile for traveling a longer distance before shock-induced jet arrives. However, a 
launching speed of 10 km/s is unattainable in such case in view of the limitation of escape speed of gas production which 
propels the projectile as working medium. Hydrogen is undoubtfully the premier selection for propelling. Efforts are made 
to sketch the configuration for a HVL with hydrogen without considering at this stage the detailed design for experiments. 
We start simulations with the configuration in Fig.19 (a) where a hollow hydrogen container is imbedded in the HVL 
allowing a projectile to pass through. The pressure container has a diameter of 60 mm, larger than the diameter of LGG 
barrel of 30 mm, for example, for purpose of filling in more hydrogen for propelling. Difficulties arise when considering 
that the impactor of 30 mm in diameter is now smaller than the secondary impactor of 60 mm. Specially designed explosive 
ring is required to achieve the driven of a larger secondary impactor to a high velocity, for example 4-5 km/s. Fig.19(b) 
shows a schematic design for propelling a secondary impactor. To ensure the planeness of the secondary impactor, however, 
more efforts are demanded. It remains for future work. 
We emphasize on the launching capability of the HVL with hydrogen at this stage. In the computation model as shown in 
Fig.19(a), Euler solver is used for hydrogen and epoxy, and Lagrange solver is used for the secondary impactor, HVL Barrel, 
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membrane and projectile. EOS of SESAME is applied for hydrogen and epoxy. The membrane of a container cover is 
prescribed to be cleared off instantaneously when shock wave arrives. 
(a)             (b)  
Fig. 19. Attempt of propelling a projectile with hydrogen: (a) schematic and (b) Preliminary design for propelling the secondary impactor. 
In Fig.19(b), the 3-mm-thickness secondary impactor of steel will compress the hydrogen with an initial speed of 5 km/s 
without considering its accelerating process. The aluminum alloy projectile has the dimensions of 10 mm in diameter and 5 
mm in thickness with an injection speed of 7 km/s. It is followed by a 10-mm-thickness epoxy cylinder to meliorate the 
impact of the hypervelocity jet of hydrogen. The hydrogen container is 80 mm in length with an initial pressure of 7 MPa. In 
this ideal model, a hypervelocity jet being formed by the compressed hydrogen will propels the cylindrical projectile to 10.6 
km/s. Fig.20(b) gives computation results for the projectile accelerating process. The epoxy layer following the projectile is 
of essential to make the pressure uniform behind the projectile. As shown in Fig.20(a), less plastic deformation is found at 
the final stage of acceleration. Fig.20(c) plots pressure history at preset points inside the projectile where the maximum of 
minus pressure is -100 MPa, much less than the spall strength of the aluminum alloy. 
(a)  
  (b)           (c)  
Fig. 20. Computational results for the configuration of Fig.19: (a) accelerating history, (b) the final shape of the projectile and (c) the pressure history at 
preset points.. 
The propelling efficiency may be amplified directly by enhancing the initial pressure in the hydrogen container. 
Considering the length of the content, we just give the computational results. When the hydrogen pressure increases to 20 
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MPa, the projectile is propelled from 7 km/s to 12 km/s with the same geometric configuration in computations.  
Strictly speaking, above scheme is still in its primordial stage and there exist difficulties in practical application among 
which the achievement of the driven of a secondary impactor is a key to complete the design of the HVL. However, it 
deserves more attentions in the future in view of its powerful capability of propelling. 
6. Concluding remarks 
On the basis of Sandia s third-stage launcher, a new scheme of hypervelocity launchers is put forward with the operation 
principle of two-stage acceleration. It makes use of well-developed two-stage LGG to drive a specially designed assembly 
of a sabot, an impactor and a projectile to a speed of 6-7km/s, i.e., the first-stage acceleration, and then accomplish the 
second-stage propelling in a hypervelocity launcher (HVL) which is attached to the muzzle end of the LGG. The impactor 
adopted herein is a key to synchronously trigger the acceleration process in the HVL and also to serve as an energy resource 
for projectile propelling.  
High explosive (HE) is a primary selection to generate an acceleration reservoir in HVL so as to achieve a launching 
velocity above 10 km/s. Besides HE, hydrogen, epoxy polymers etc. can also be chosen as working media to propel the 
projectile in the HVL. In order to accomplish two stages acceleration for a projectile, two dimensional effects of propelling 
is unavoidable in the HVL. Difficulties arise accordingly to keep the integrity of a projectile during acceleration without 
considerable sacrifice of the propelling efficiency. Enormous hydrocode simulations have been performed to afford an 
optimized configuration for the HVL.  
For a HVL utilizing a HE ring, it indicates from simulations that an aluminum alloy projectile 1.03 g in weight can be 
accelerated in a HVL from 6 km/s to 9.6 km/s with the velocity amplification ratio of 1.6, and a 1.7-g titanium alloy 
projectile from 6 km/s to 8.6 km/s. The projectile can keep its integrity during acceleration with use of specially designed 
sabot, the impactor, and encapsulation of the projectile.  
To relieve plastic deformation insider a projectile, an alternative design for a HVL is put forward with use of a secondary 
steel impactor and an epoxy ring in place of the HE ring. The projectile is now propelled by high-speed jet following the 
projectile. It avoids direct shock compression upon the projectile, and therefore produces less plastic deformation during 
acceleration. Simulations display that a 1-g spherical projectile is propelled smoothly from an injection speed of 6 km/s to 
7.8 km/s keeping its spherical shape with a little deformation. It also applies to cylindrical projectile which is able to be 
propelled from 6 km/s towards 8 km/s.  
Considering the limitation of escape speed of gas productions, useful efforts are made to illustrate the possibility of 
driving a projectile with hydrogen. Preliminary simulations reveal that a projectile is possible to be accelerated from 7 km/s 
to 10 -12 km/s in an ideal configuration for computations. To put it into practice, efforts are still required to afford a feasible 
scheme for the HVL with hydrogen including detailed designs of the hydrogen container and the secondary impactor.  
In view of the challenge we face to launching a projectile over 1-g towards 10km/s, the new design of a third-stage 
launcher based on two-stage LGG provides a feasible way for hypervelocity ballistic tests. It deserves attempts in future 
experiments. 
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